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ABSTRACT 

Radiative and Auger decay data have been calculated for modelling the K 
lines in ions of the nickel isonuclear sequence, from Ni + up to Ni 27+ . Level ener- 
gies, transition wavelengths, radiative transition probabilities, and radiative and 
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Auger widths have been determined using Cowan's Hartree-Fock with Relativis- 
tic corrections (HFR) method. Auger widths for the third-row ions (Ni + -Ni 10+ ) 
have been computed using single-configuration average (SCA) compact formu- 
lae. Results are compared with data sets computed with the AUTOSTRUC- 
TURE and MCDF atomic structure codes and with available experimental and 
theoretical values, mainly in highly ionized ions and in the solid state. 

Subject headings: atomic processes — atomic data — line formation — X-rays: 
general 



1. Introduction 



The nickel K lines have arguable diagnostic potential in X-ray astronomy. They reside 
in a relatively unconfused part of the X-ray spectrum where they can be used to estimate 
quantities of interest such as the redshift, temperature, abundance, and the velocity of the 
emitting gas. Sensitive observations from the currently active Suzaku satellite, and those to 
be expected from future space missions, e.g. the Constellation- X observatory, are bringing 
about further spectroscopic attention to the Ni K features. 

On the other hand, clear detections of nickel have been obtained only in a few astrophys- 
ical X-ray spectra. This is undoubtedly due to a combination of limited counting statistics 
at energies above 7 keV, where the nickel lines occur, and to poor spectral resolution in this 
band which makes nickel Ka and iron K B lines indi s tingu ishable. The first detection of Ni 
Ka in an X-ray binary was reported by ISako et al.l (119991 ) in the A SCA spectrum of Vela 
X-l. Fluorescence line energies and intensities were measured mostly for neutral elements, 
including nickel in eight ionization stages in spite of t he uncertainties in the line energy 



(7.52+°;$; keV). This detection was later confirmed by [Goldstein et al.l (120041 ) using three 



data sets obtained with Chandra/ HETGS during a binary orbit, representing the orbital 
eclipse phases of (f) = 0, <fi = 0.25, and <fi = 0.5. They found relative strong Ni Ka emission 
with an increase in the line flux of a factor of 15 between the = and <fi = 0.5 phases. 



X-ray absorption features from Ni have been found in X-ray binary systems. iBoirin et al. 



( 120041 ) presented evidence of Ka absorption in Ni xxvn at 7.82 keV in the XMM-Newton 
spectr um of the low-mass X-ray binary (LMXB) XB 1916-053. In the case of the LMXB GX 
13+1, ISidoli et al.l (120021 ) came across two absorption features at 7.85 and 8.26 keV which 
they respectively identified as either K(3 lines from Fe xxv and Fe xxvi or Ka from Ni xxvn 
and Ni xxvm. 



Ni Ka emission in an active galactic nucleus (AGN) was first detected in the XMM- 
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Newton X-ray spectra of the Circinus galaxy (IMolendi et al.ll2003l ). Fe Ka, Fe K/3, and Ni Ka 
were identified at 6.4, 7.058, and 7.472 keV, respectively. From the Ni and Fe Ka line fluxes, 
a nickel-to-iron ab undance ratio was estimat ed at 0.055-0.075, a factor of 1.5-2 larger than 
the cosmic values ( Anders fe Greyessel 1989 ). Similar studies of the Seyfert 2 galaxy NGC 
1068 were reported by lMatt et all tooi ) using Chandra and XMM-Newton observations. Fe 
and Ni fluorescence emission in both neutral and highly ionized material was identified and, 
from the nickel-to-iron flux ratio, Fe was found to be overabun dant by a factor of 2 with 
respect to solar and Ni by the same factor with respect to iron. [Pounds fe Vaughanl (120061 ) 
confirmed the nickel emission in NGC 1068 as well as in Mkn 3 , a Seyfert 2 galaxy previously 
studied by lPounds fe Pagd (120051 ). iPounds fe Vaughanl (|2006[) also showed ev idence of high- 
velocity shifts in the lines coming from ionized nickel. iMarkowitz et al.l (120071 ) detected with 
Suzaku narrow Ka fluorescence emission lines from Fe, Si, S, Ar, Ca, and Ni in the radio-loud 
AGN Centaurus A (NGC 5128). 



Molendi et al. ( 19981 ) analyzed data collected with BeppoS AX from the Perseus cluster of 



galaxies, to find that the ratio of the flux of the 7-8 keV line complex to the 6.7 keV line was 
significantly larger than that predicted by optically thin plasma codes, and that it diminishes 
with increasing cluster radius. It is argued that this effect is due to resonance scattering in 
an opt ically thick plasma at the energies of the Fe Ka line. However, iGastaldello fe Molendi 
(120041 ) used XMM-Newton observations of the same cluster to measure an overabundance for 
nickel. These authors claimed that the excess in the fl ux of the 7-8 k e V line complex was due 
to Ni Ka emission rather than resonance scattering. Ide Plaa et al.l (120041 ) also detected an 
overabundant nickel in the XMM-Newton spectrum of the cluster Abel 478, but they noticed 
that this could be overestimated due to errors in the nickel line energies. The determination 
of the Ni abundance profile in the ICM is also important because Ni is almost exclusively 
produced in SNIa; therefore, high resolution spectral analysis, together with accurate atomic 
data, are needed to understand these observations. 

The first object detected by INTEGRAL in the Galactic plane, IGR J16318-4848, 
is a possible X-ray binary where the obscuring matter has a column density as large as 
the inverse Thompson cross section. This source also shows strong Fe Ka and Fe K(3 
emission accompan ied by a weaker, but nevertheless distinct, Ni Ka feature at 7.5 keV 



( Walter et al. 2003h . Observations of the same source with XMM-Newton reveal similar 



properties (IMatt fe Guainazzill2003l ). and a subsequent monitoring campaign with both IN- 
TEGRAL and XMM-Newton confirmed column dens ities of 1.2 x 10 24 c m" 2 and large equiv- 
alent widths for the Ka emission lines of Fe and Ni (llbarra et al.l 120071 ) . 



to 



Perhaps the first un ambiguous detection of Ni K lines in an astrophysical spectrum is due 



Koyama et al.l (120071 ). They have observed the diffuse X-ray emission from the Galactic 
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center using the X-ray Imaging Spectrometer (XIS) on Suzaku. They have detected, for the 
first time, lowly ionized nickel and He-like nickel K lines, and have measured the Ka line 
flux ratio of Ni xxvn to that of Fe xxv to determine a plasma temperature of ~5.4 keV, 
assuming solar relative Ni and Fe abundances. 

Followi ng work bvlPalmeri et all toQ'j l2003al fbh , feautista et aD J2003l.l2004h , iMendoza et~aL 



(120041 ) . and Kallman et all (120041 1 on the Fe K lines, bv iGarcia et all (120051 ) on the K-shell 
photoabsorption of O ions, and the recent study of the K lines in the Ne, Mg, Si, Ar, and Ca 
isonuclear sequences (IPalmeri et al.ll2008l ). we report new atomic data for K- vacancy levels 
in the nickel isonuclear s equence. Prime objectives a re to improve the atomic database of the 
XSTAR modelling code (IBautista fe Kallmanll200ll ) and to prepare ionic targets (configura- 
tion expansions and orbitals) for the lengthy computations of the K-shell photoabsorption 
and photoionization cross sections, where both radiative and Auger dampings are key ef- 
fects. With respect to Ni, available atomic structure data sets — namely K-vacancy level 
energies, wavelengths, A-values, and radiative and Auger widths — for first-row ions with 
electron number 2 < iV < 9 are far from complete while for the second and third-row 
ions (10 < N < 27) they are certainly lackin g. The only exception is Ni + where mea- 



surements in the solid s t ate have been reported (ISalem fe Wimmer 



19971 : iRaj et al 



2001 



197i 



0: 



Salem et al. 



Slivinskv fe Ebertlll972l:lBerenvi et al1 ll978l: iRao et al.lll986l : IPeruio et~alll987l : 



19721; 



Holzer et al. 



Egri et al.l 120081 ) a nd the Ka un resolved transition array (UTA) cen- 



troid wavelength have been calculated by iHousd (119691 ) . 



Previous study on the K-shell structure of nickel includes that by lHsuan et al.l (119871 ) on 
the satellite spectra of He-like nickel. They have recorded spectra emitted from the plasma 
of the Tokamak Fusion Test Reactor (TFTR) with a high-resolution crystal spectrometer, 
providing a K-line list for Ni xxvn (N = 2) and Ni xxvi (N = 3) and interpreting the 



observ ed spectra with the aid of a Hartree-Fock-Slater (HFS) calculation. iBombarda et al. 



( 119881 ) have measured the wavelengths of the K lines in Ni xxiv-Ni xxvn (N = 2-5) 
emitted by a hot plasma at the Joint European Torus (JET). In order to analyze these 
observations, they have computed wavelengt hs, A-values, and ra diative widths with the SU- 
PERSTRU CTURE atomic structur e code (|Eissner et al.lll974) and Auger rates with the 



AUTOLSJ (ITFR Group et al.lll98ll ). IVainshtein fe Safronoval (119781 ) have calculated wave- 
lengths, radiative transition probabilities, and autoionization (Auger) rates for ions with 
atomic numbers Z = 4-34 using the 1/Z expansion technique. They have considered the 
Is — 2p transitions in the H-like sequence, ls21 — 2p21 and Is 2 — ls21 in the He-like sequence, 
and ls 2 21 — Is2p21 in the Li-like sequence. Energies for K- yacancy levels of the type hm l 
in the He-like isoelectronic sequence have been c alculated by IVainshtein fe Safronoval (119851 ) 
using the same techniqu e. iGorczyca et al.l (120031 ) have audited the fluorescence database by 



Kaastra fe Mewd (119931 ). which is widely used in modelling codes, in particular their scaling 
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procedures along isoelectronic sequences. They have found serious flaws which appear to 
compromise the application of this database in plasma modelling. 

The outline of the present report is as follows. The numerical methods are briefly 
decribed in Section 2 while an analysis of the results based on comparisons with previous 
experimental and theoretical values is carried out in Section 3. The two supplementary 
electronic tables are explained in Section 4 while some conclusions are finally discussed in 
Section 5. 



2. Numerical methods 



Three independent atomic structure packages have been used. The main body of atomic 
data i s computed with HFR, the Hartree-Fock with Relativistic corrections method of I Cowan 
<jl98lh . Data accuracy is assessed by means of two other approaches: the multiconfiguration 
Breit-Pauli method, which incorporates a scaled Thomas-Fermi-Dirac stat i stical potential 



as implemente d in AUTOSTRUCTURE (jEissner et al. 



GRASP code flGrant et al.lll980l : iGrant fc McKenzie 



1974 



1980 



Badncll 



1986 



McKenzie et al 



1997), and the 



1980 ) based on 



the multiconfiguration Dirac-Fock method. 

In HFR and AUTOSTRUCTURE, wavefunctions are calculated with the Breit-Pauli 
relativistic corrections 

Hbp = H^r + Hib + H 2 b (1) 
where -£/nr is the usual non-relativistic Hamiltonian. The one-body relativistic operators 



N 



Hib = /n(mass) + f n (d) + f n (so) 



(2) 



71=1 



represent the spin-orbit interaction, f n (so), the non- fine-structure mass variation, / n (mass) 
and one-body Darwin correction, / n (d). The two-body Breit operators are given by 



H 2 B = ^ 9nm(so) + g nm (ss) + gnm(css) + g nm (d) + g n 



oo 



(3) 



where the fine-structure terms are g nm (so) (spin-other-orbit and mutual spin-orbit) and 
<?nm(ss) (spin-spin), and the non-fine-structure counterparts are g nm (css) (spin-spin contact), 
9nm{d) (two-body Darwin), and g nm (oo) (orbit-orbit). HFR computes energies, A- values, 
and Auger rates with non-orthogonal orbital bases, which are generated by optimizing the av- 
erage energy of each configuration. It also neglects the part of the Breit interaction (Eq. (j3j)) 
that cannot be reduced to a one-body operator. AUTOSTRUCTURE can use both orthog- 
onal and non-orthogonal orbital bases for all the electronic configurations considered which 
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enables estimates of relaxation effects. We have used the same configurat ion- interaction 
(CI) expansions as in our p revious papers on th e Fe isonuclear sequence ( IBautista et al. 



20031 : iPalmeri et al.ll2003al Jbl: iMendoza et al.ll2004f > 



Auger rates are computed in both HFR and AUT OSTRUCTURE in a distorted wave 
approach. However, as in the Fe isonuclear sequence (IPalmeri et al.l l2003bl ). the level-to- 
level computation of Auger rates in ions with open 3d shell (N > 17) proved t o be in- 
tractable; therefore, we have employed the formula given in IPalmeri et al.l (1200 ll ) for the 
single-configuration average (SCA) Auger decay rate. 

Our third package is GRASP where the atomic state function (ASF) is represented as 
a superposition of configuration state functions (CSF) of the type 



^(alL/M) =^2a(a)&(PiILJM) 



(4) 



where \P and $ are respectively the ASF and CSF. II, J, and M are the relevant quantum 
numbers, i.e., parity, total angular momentum, and its associated total magnetic number, 
respectively, a and $ stand for all the other quantum numbers that are necessary to describe 
unambiguously the ASFs and CSFs. The summation in Eq. (j3J) is up to n c , the number of 
CSFs in the expansion, and each CSF is built from antisymmetrized products of relativistic 
spin orbitals. The Cj coefficients, together with the orbitals, are optimized by minimizing an 
energy functional. The latter is built from one or more eigenvalues of the Dirac-Coulomb 
Hamiltonian depending upon the optimization option adopted. Here, we have used the ex- 
tended average level (EAL) option in which the (2J + l)-weighted trace of the Hamiltonian is 
minimized. Transverse Breit interaction as well as other QED interactions, e.g. the vacuum 
polarization and self-energy, have been included in the Hamiltonian matrix as perturba- 
tions. This code does not treat the continuum, and has thus been exclusively employed in 
comparisons of radiative data for bound-bound transitions. 



3. Results 

Detailed comparisons with previous data have been carried out in order to obtain ac- 
curacy estimates and detect weak points. In the following sections, we give a concise ac- 
count of our HFR computations of level energies, radiative and Auger widths of K-vacancy 
states, and wavelengths and radiative transition probabilities for K lines. With respect 
to the Koti2 and K/3 unresolved transition arrays (UTAs) characteristic in second- and 
third-row ions (12 < N < 27), we have determined centroid wavelengths and Ka,ijKoL\ 
and Kf3/Ka line ratios which can be compared to the available solid-state measurements 
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(ISalem fe Wimmerl Il970l: ISalem et all 11972; Isiiyinsky fc Ebertl 11972: iBerenvi et al.l Il978 



Rao et al. 



1986 



Perujo et al 



1987 



H51zer et al.lll997l : iRaj et al.l l200lh . The KLM/KLL 



and KMM / KLL Auger decay channel ratios are also investigated along the isonuclear 
sequence, and HFR relatiy e Auger channel intensities in Ni + are compared with a recent ex- 
periment (jEgri et al.l 120081 ) . Finally, the trends of the K- shell fluorescence yield and natural 
K-level width with electron number N are studied. 



3.1. Energy levels 



K- vacancy level en ergies for Ni ions are very scarce in the literature. The NIST database 
( jRalchenko et al.ll2008l ) lists values for He- and Li-like Ni that are interpolated or extrapo- 
l ated from experimental level energies along isoelectronic sequences. IVainshtein fc Safronova 
(119851 ) calculated values in Ni 26+ using the 1/Z expansion technique. In Tabled], we compare 
our HFR level energies with the two above-mentioned data sets, finding an agreement within 
3 eV. 



3.2. Wavelengths 



The only wavelength measurements for Ni K lines availa ble in the literature are those ob 



tained for highly charged ions (N = 2-5) in tokamak plasmas (Hs uan et al. 



19881 ) and in the solid state with the recent experim e nt of 



Holzer et al. 



1987; 



. 3ombarda et al 



fjl997h . Previous 



calculations are due to: IVainshtein fc Safronoyal (119781 . Il985[ ) using the 1/Z expansion tech- 
nique for He- and Li-like Ni; Hsuan et al.l ( 1987 ) by means of the Hartree-Fqck-Sla ter (HFS) 
method to interpret observations in He- and Li-like Ni; and lBombarda et al.l (119881 ) with SU- 
PERSTRUCTURE to model measurements in He- to B-like Ni. 

These different sets of wavelengths are compared to our HFR calculation in Table [2] 
for ions with N =2-5. The agreement with experiment, the 1/Z expansion, and the HFS 
calculations is within 1 mA. Concerning t he somewhat larg e r disc repancies encountered with 
the SUPERSTRUCTURE calculation of iBombarda et al.l (119881 ). we believe that they are 
due to their optimization procedure since they optimized the atomic orbitals in the Li-like 
system and kept them fixed for all the other ions. 

HFR centroid wavelengths in the second- and third- row ions (N = 12-27) are plotted 
as a function of N for the Kai^ (Figure [T]) and K/3 (Figure [2]) UTAs. It may be seen that 
the Kq 1]2 lines are sharply shifted to the red as N increases up to N = 17, and from then 
on slowly shifted to the blue. This was also the case in our previous studies of the Fe K 
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lines JPalmeri et al.ll2003al lbl). and is consistent with the trend calculated by iHousd (119691 ) . 
The K/3 line, in con trast, is mon o tonic ally shifted to the red with an increasing N. The 
values measured by IHolzer et al.l (119971 ) for the Ka 1; Ka 2 , and K/3 solid-state UTAs are 
also shown in both figures, namely AA 1.65790(1), 1.66175(1), and 1.500152(3), respectively. 
They compare favorably with our HFR values for Ni + (jV = 27): AA 1.6575, 1.6614, 1.5000. 
As for the highly charged ions, the accord is better than 1 mA. 



3.3. A-values, radiative widths and line ratios 



A com parison of our HFR A -valu es for K transitions in i o ns wi th 3 < iV < 5 with 
the data of iBombarda et al.l (119881 ) and IVainshtein fc Safronoval (119781 ) is given in Figure [3j 
where the ratios with respect to HFR are plotted as a function of the HFR A-value. A 
large sc atter is observed for A < 10 13 s _1 , especially with the A- values for the Li-like sys- 



tem by IVainshtein fc Safronoval (119781 ) , thus illustrating the mo del dependency of the weak 
rates. The av erage ratios in the Li-like specie s are 0.98±0.07 for lBombarda et al.l (119881 ) and 
0.91±0.31 for IVainshtein fc Safronoval (119781 ). The 31 % standard deviat i on ob served in the 
latter is due to the weaker rates which are not listed by Bombarda et al. J 1988h . Concernin g 
the Be- and B-like ions, where the only available data are given in IBombarda et al.l (119881 ). 
the average ratios are respectively 1.02±0.08 and 1.04±0.01. Based on these comparisons, 
we are confident that our A- values have a 10% accuracy for transitions with A > 10 13 s _1 . 



In FigureHl we compare our HFR radiative widths with the values obtained by IBombarda et al 



( 119881 ) for systems with 3 < iV < 5. The ratio with respect to HFR is plotted as a func- 
tion of the HFR width. If the ls2s 2 2p 2 4 Pi/2 level in the B-like ion is excluded from this 
comparison, the average ratios are then 0.99±0.07 for N = 3, 1.01±0.04 for N = 4, and 
1.04±0.03 for N = 5. Concerning the excluded level, the width of 6.86xl0 14 s _1 quoted by 



Bombarda et al.l (119881 ) is questionable. It differs by one order of magnitude with our HFR 
width (6.20xl0 13 s _1 ) and with the value they list for the other level of the same multiplet, 
namely 6.35xl0 13 s" 1 for ls2s 2 2p 2 4 P 5/2 . Thus, this error must be due to a misprint and the 
agreement is better than 10%. 

The trend of the Kol^IKolx line ratio along the isonuclear sequence is shown in Figure [5] 
for the Ka 12 UTAs in members with 12 < iV < 27. This line ratio increases with N up to 
N = 15, and then decreases to become almost constant at a value of ~0.5 for N > 17. This 
trend is consistent (within 10%) in the three numerical approaches that we considered, i.e. 
HFR, AUTOSTRUCTURE, and MCD: 
co mpared with the D i rac-F ock v alue of 



of ISalem fc Wimmerl (119701 ) and IHolzer et al. 



'. Moreover, o ur calculated line ratios for N = 27 are 
Scofieldl (|19741) and the two solid-state measurements 



19971 ). All these results agree to within 5%. 
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The contribution of satellites to the Ka.2/ Ka.\ line ratio in Ni 3+ is illustrated in Figure [6j 
Stick spectra, i.e. A-values as function of the transition wavelength, computed with HFR 



are plotted in the region of the Ka line for the diagram lines ([ls]3d M — [2p]3d iU ) in thin 



gray sticks and for the satellites ([ls]3d — [2p]3d ' ~ 4s and [ls]3d — [2p]3d ~ 4s 2 ) in thick 
black sticks. The top panel shows the Ni 2+ spectrum, the middle Ni 3+ , and the bottom Ni 4+ . 
One clearly sees that the satellites in Ni 3+ are intense relative to the Ka 2 diagram lines and 
are blended with the latter. As a consequence, the Ka 2 jKa\ line ratio drops to 0.37 without 
satellites instead of having a value of 0.50 when included. In the other ions, their effect on 
the line ratio can be neglected. 

The K/3 1 Ka line ratio is plotted as function of N in Figure [7] for the Ka and K/3 
UTAs in ions with 12 < iV < 27. One can see that the trend along the isonuclear sequence 
presents a sharp increase with iV up to iV = 17 due to the filling of the 3p subshell, the 
fertile domain of the K(5 transition, followed by a slow decrease associated with the filling of 
the 3d subshell. This behavior is confirmed with our three independent numerical methods 
(HFR, AUTOSTRUCTURE, and MCDF) to within 10%. 



In Figure U\ our com puted Kf3/Ka line ratios for N 



solid-state measurements (Salem et al. 1972: S 



Rao et al 



1986 



values ( Scofieldl 



Pernio et al 
1974 IPolasi 



27 are compared with the 



1987:lHolzer et al. 



199 



ivinskv fc Eber 



1997 



Raj et al. 



19721 : iBerenvi et all Il978 



200 ll ) and other theoretical 



The bulk of the experimental values are located at 
0.139±0.015 (this deviation takes into account the experimental error bars) which can be 
compared to the ratios we computed with HFR (0.117), AUTOSTRUCTURE (0.126), and 
MCDF ( 0.131). O t her th eoretical values are also close to experiment, namely the Dir ac-Fock 
resul t bv IScofieldl Jl974f ) at 0.140 and that with the MCDF-SAL method of 0.137 JPolasik 
19981 ). Therefore, there is good theory-experiment agreement in Ni + except for our HFR 
ratio which is 15% lower. 



3.4. Auger widths and Auger channel ratios 



For ions with elect ron number 3 < N < 5, w e compare HFR Auger widths in Fig- 



ure [8] with the results by lBombarda et al.l (119881 ) and I Vainshtein fc Safronoval (J1978J). Ratios 
with respect to HFR are plotted as a function of the HFR Auger width. Large scatter 
may be observed for A & < 10 13 s _1 . Excluded from this figure are the ratios for the 
ls( 2 S)2s2p( 3 P°) 2 P3/ 2 level in the Li-like system which has a small width, namely A a (HFR) = 
6 x 10 9 s^ 1 , for which large discrepancies are foun d. If ratios less than 1 13 s _1 are dis- 



carded, the average ratios in Ni 25+ are 1.04±0.03 (IBombarda et al.l Il988l ) and 1.14±0.10 
(IVainshtein fc Safronoval Il978l ). The accord between these three independent methods is 
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fair, although the widths obtained by the latter are significantly higher (~15% on aver- 
age) than HFR. Conce rning; the other two ions, where the only available data are those by 
Bombarda et~aD Jl988h . the average ratios are 1.10±0.05 (Ni 24+ ) and 1.15±0.03 (Ni 23+ ). 
These systematic deviations (10% and 15% higher than HFR, resp ectively in the Be- and 
B-like species) may be due, as previously mentioned, to the fact that iBombarda et al.l (119881 ) 
used orbitals optimized in the Li-like system. 

The trends of the HFR KLM/KLL and KMM/KLL channel ratios along the isonu- 
clear sequence (17 < iV < 27) are depicted in Fi gures M arid [TD1 respe ctively, and are found 
to be similar to those previously observed in iron (IPalmeri et al.ll2003bl ). Unfortunately, here 
there is no available solid-state measurements to compare with the theoretical ratios. 

In Table [31 the HFR K LM Auger chann el relative intensities in Ni + are compared with 
the recent measurements of lEgri et al.l (120081 ) made in the solid. Both data sets agree within 
the experimental error (~20%). 



3.5. Fluorescence yields and natural K-level widths 

The HFR average K-shell fluorescence yield, lJk, for Ni ions with 3 < iV < 27 is plotted 
in Figured!] as a function of N. For each ion, the average is computed over all fine-structure 
levels 

- m 

uj k = — Y]u K (i) (5) 

i=l 

where 

is the level yield. The following behavior may be noted: ujk sharply decreases from 0.80 
(N = 3) to 0.46 (N = 9) in the first-row ions; then slowly decreases from 0.46 (N = 10) to 
0.43 (N = 17) in the second-row ions; and becomes co nstant in the third-ro w ions at a value 



of 0.43 for Ni + (N = 27). The recommended value of iHubbell et al.l (Il994f l. 0.412±0.012, is 



also shown while our HFR value for N = 27 is slightly higher by less than 5%. 

In Figure [T2| the HFR natural K-level width, Tk (in eV), is plotted along the nickel 
isonuclear sequence for ions with 3 < N < 27. As for the fluorescence yields, the average for 
each ion is given by 

m 

t k = -J2^kH) (7) 

with 

T K (i) = A a (i)+AJi) (8) 
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and the standard deviation 



\ 



^E(Mi)-r^ 

i=l 



(9) 



increases sharply from 0.20 eV for N = 3 to 1.16 eV for N = 9, delimiting the first-row 
regime; then, in the second-row regime, it slowly increases from 1.21 eV for N = 10 to 1.41 
eV for N = 17; and finally, it slowly decreases from 1.40 eV for N = 18 to 1.33 eV for N = 27 
in the third-row regime. This last value agrees wi thin 5% with the recommended natural 
K-level width of 1.39 eV (ICampbell fc Pappl 120011 ) which is also plotted in the figure. In 
the third-row regime, the natural K-level width of each fine-structure level, becomes 
constant in each ion and thus cx(rv) is negligible as shown in the figure. 



In Table HJ the natural K-level widths recommended by ICampbell fc Pappl (120011 ) for 
the singly- ionized cosmically abundant elements a re compared with HFR values calculated 



in the present wor k and in our earlier analyses (IPalmeri et al.l l2003bl ; iGarcfa et al.l 12005 



Palmeri et al.ll2008l ). The trend with Z is well reproduced and both data sets agree satisfac- 
torily. 



4. Supplementary electronic tables 

Computed level energies, wavelengths, radiative transition probabilities, absorption os- 
cillator strengths, radiative and Auger widths, and K-shell fluorescence yields in Ni + -Ni 26+ 
can be accessed from the online ASCII Tables [MSI through the VizieR Service at the CDSlJ 
The printed samples herein show data for ions with electron number N < 3. 

It may be seen that in Table [5] levels are identified with the vector (N, i, 2S + 1,L, 
2 J, Conf ) where N is the electron number, i the level index, 25+1 the spin multiplicity, 
L the total orbital angular momentum quantum number, J the total angular momentum 
quantum number, and Conf the level configuration assignment. For each level, the computed 
HFR energy and its radiative width A r (i) are listed. For K- vacancy levels, the Auger width 
A a (i) and the K-shell fluorescence yield are additionally given. In Table M, transitions 

are identified with the vector (N, k,i) where k and % are the upper and lower level indices, 
respectively, tabulating its computed wavelength A, radiative transition proba bilities AJk, i) , 



weighted oscillator strength gf(i, k), and cancellation factor CF as defined by lCowanl (Il98ll ). 



i 



\protect http://cdsweb.u-strasbg.fr 
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5. Summary and conclusions 



Extensive data sets containing energy levels, wavelengths, radiative transition proba- 
bilities, absorption oscillator strengths, radiative and Auger widths, and fluorescence yields 
for K-vacancy levels in the nickel isonuclear sequence have been computed with the atomic 
structure codes HFR, AUTOSTRUCTURE, and GRASP. For the ionic species Ni 2+ -Ni 22 +, 
with electron numbers 6 < N < 26, this is the first time that such data become available. For 
ions with 2 < iV < 5 and N = 27, detailed comparisons have been carried out with available 
measurements and theoretical values which bring forth the consistency and accuracy of the 
present data. 



Comparisons of HFR K-level energies with those reported in the NIST database (Ralchenko et al. 



2008) for He- and Li-like nickel and the calculated values in Ni 26+ by lVainshtein fc Safronova 
(119851 ) support an accuracy rating for ions with electron number N < 3 of better than 
3 eV. With regards to wavelengths, com parisons between HFR and the tokamak data 
(IHsuan et al.l 119871; IBombarda et al.l Il988l ) for ions with 2 < N < 5, with the solid-state 



measurements (jHolzer et al. 
( Vainshtein fc Safronoval ~ 



19971) for N = 27, and with other published theor etical values 



1978 



19851 ; IHsuan et al.l 119871 ; IBombarda et al.l Il988l ) result in a 



general agreement within 1 mA. 



Based on the level of agreemen t of the present HFR A-values with those by lVainshtein fc Safronova 



(119781 ) and IBombarda et al.l (119881 ) for the highly ionized species (2 < N < 5), we are confi- 
dent that they show an accuracy within 10% for transitions with A > 10 13 s _1 . Regarding 
radiative widths, similar considerations have led us to the conclusion that our HFR widths 
are also accurate to 10%. For the Ka-ijKa\ and Kf3/ Ka line ratios in the second and third- 
row ions (12 < N < 27), the trends along the isonuclear sequence are consistent (within 10%) 
for the three independent approaches we have used. For N = 27, our HFR Ka^/Ka^ ratio 



agrees within 5% with the solid-state measurements (jSalem fc Wimmerl Il970l ; iHolzer et al. 



19971 ). but the HFR Kf3/Ka ratio is 15% lower than the bulk of the available experimental 
values located at 0.139±0.015. 



Comparisons of the HFR Auger widths with those by IBombarda et al.l (119881 ) for species 
with 3 < N < 5 and by lVainshtein fc Safronoval (119781 ) for iV = 3 show a fair consistency for 
widths greater than 10 13 s _1 , although the latter is higher by ~15% and th e former by 10% 
4 and 15% for N 



for N 



5. The systematic deviations with the data by IBombarda et al. 



( 119881 ) may be due to the orbital optimization procedur e they used. Mo reover, recent mea- 
surements of KLM Auger channel relative intensities (jEgri et al.l 120081 ) support our HFR 
Auger rates. Finally, HFR fluorescence yield and natural K-level width fo r N = 27 ar e 



consistent within 5% with th e recommended values found in the literature (IHubbell et al. 
19941 ; ICampbell fc Pappl lioOlh . 



The present radiative and Auger widths will be used in the computa tions of the K-shell 
photo ionization cross sections of these ions which are required in XSTAR (jKallman fe Bautista 
20011 ) for the modelling of interesting Ni spectral features. 



This work was funded in part by the NASA Astronomy and Physics Research and 
Analysis Program. PP and PQ are Research Associates of the Belgian FRS-FNRS. 
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Fig. 1. — HFR wavelengths (A) for the Kal (filled circles) and Ka2 (filled squa res) UTAs in 
Ni ion s with electron number 12 < iV < 27. The solid-state measurements by iHolzer et al. 
( 119971 ) are also shown: open circle, Kal; open square, Ka2. 
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Fig. 2. — HFR wavelengths (A) of the Kf3 UTA for Ni ions with electro n number 12 < N < 
27 (filled circles). The solid-state measurement by iHolzer et al.l (119971 ) is also shown (open 
circle). 
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Fig. 3. — Comparison of the present HFR A- values for K transitions in Li-like (top panel), 
Be-like (midd le panel) and B-l i ke nic kel (bottom pa nel) with two independent calc ulations. 
Filled circles: iBombarda et all (jl988l ). Open circles: IVainshtein fc Safronoval (I1978I ). 
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Fig. 4. — Comparison of the present HFR radiative widths for K-vacancy levels in Li- 
like (top panel), Be- li ke (middle panel) and B-like nickel (bottom panel) with those by 
Bombarda et all Jl988l ). 
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Fig. 5. — KaijKax line ratio for Ni ions with electron number 12 < iV < 27. Filled circle: 
HFR (this work) . Filled upright triangles: MCDF-EAL (this work). Filled in verted triangles : 
AUTOSTRUCTURE (this work). Fille d squares: D i rac-F ock calculation JScofieldl fl97j ). 
Open circle: solid-state measur e ment by lHolzer et al.l (I1997I ). Open square: measurement in 
the solid by ISalem fc Wimmerl (jl970l ). 
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Fig. 6. — Stick spectra, i.e. A- value (s" 1 ) vs. wavelength (A), in the region of the Ni Ka line 
computed with HFR in Ni ill (top panel), Ni IV (middle panel), and Ni v (bottom panel). 
Thin gray sticks are diagram lines, [ls]3d — [2p]3d , while the thick black sticks are the 
[ls]3d M - [2p]3d M_1 4s and [ls]3d M - [2p]3d M ~ 2 4s 2 satellite lines. 
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Fig. 7. — Kf3/Ka line ratio for Ni ions with electron number 12 < iV < 27. Filled cir- 
cles: HFR (this work). Filled inverted triangles: AUTOSTRUCTURE (thi s work). Fille d 
diamonds: MCDF-EAL (this work). Filled squar e: Dirac-Fock calculation (]Scofieldlll974j ). 
Filled upright triangle: MCDF-SA L calculation (IPolasik! Il998l ). The solid-state measure - 



ments are as follows. Open circle : iHolzer et al.l (Il997l ). Open s quare: palem et al 



Open upright tri angle: iRaq et al.l (119861 ). Open inve rted triangle: ISlivinskv fc Ebertl (119721 ). 



Open diamond: iRai et al.l (120011 ). Dotted circle: iBerenyi et al. il978j). Dotted 
Pernio et all Jl987h 
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Fig. 8. — Comparison of the present HFR Auger widths for K-vacancy levels in Li-like 
(top panel), Be-like ( middle panel) and B-like nick el (bottom pane l) with two independent 
calcul ations. Filled circles: iBombarda et al.l (I1988I ). Open circles: IVainshtein fc Safronova 
jl97fih . 




Fig. 11. — HFR averaged K-shell fl uorescence yield for Ni ions with electron number 3 < 
iV < 27. The recommended value of iHubbell et al.l (119941 ) is also shown. 
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Fig. 12. — HFR natural K-level width Fx (eV) for Ni ions with electron number 3 < iV < 27. 
The ave rage and standard d eviati on are plotted, the latter as error bars. The recommended 
value of ICampbell &: Pappl (120011 ) is also shown. 



-29- 



Table 1. K- vacancy level energies (keV) for Ni ions with 2 < iV < 3 



N 


Level a 


NIST a 


HFR b 


VS C 


2 


ls2s 3 Si 


7.7316132 


7.7331 


7.7314 


2 


ls2p 3 Pg 


7.7633680 


7.7623 


7.7631 


2 


ls2p 3 P? 


7.7656952 


7.7668 


7.7657 


2 


ls2p 3 P° 


7.7864167 


7.7876 


7.7862 


2 


ls2s 1 So 


7.7660015 


7.7659 


7.7658 


2 


ls2p ipf 


7.8055847 


7.8073 


7.8052 


3 


ls2s 22 S 1/2 


7.6933430 


7.6944 




3 


ls( 2 S)2s2p( 3 P°) 4 P° /2 


7.7071053 


7.7063 




3 


ls( 2 S)2s2p( 3 P°) 4 P° /2 


7.7119406 


7.7127 




3 


ls( 2 S)2s2p( 3 P°) 4 P° /2 




7.7291 




3 


ls( 2 S)2s2p( 3 P°) 2 P° /2 


7.7504997 


7.7508 




3 


ls( 2 S)2s2p( 3 P°) 2 P° /2 


7.7635181 


7.7657 




3 


ls( 2 S)2p 2 ( 3 P) 4 P 5/2 


7.7907946 


7.7923 




3 


ls( 2 S)2p 2 ( 3 P) 4 P 3/2 


7.7836035 


7.7841 




3 


ls( 2 S)2p 2 ( 3 P) 4 P 1/2 


7.7718250 


7.7711 




3 


ls( 2 S)2s2p( 1 P°) 2 P° /2 


7.7826116 


7.7830 




3 


ls( 2 S)2s2p( 1 P°) 2 P° /2 


7.7791401 


7.7807 




3 


ls( 2 S)2p 2 ( 3 P) 2 P 1/2 


7.8098881 


7.8119 




3 


ls( 2 S)2p 2 ( 3 P) 2 P 3/2 


7.8348090 


7.8370 




3 


l S ( 2 S)2p 2 ( 3 P) 2 D 3/2 


7.8098881 


7.8108 




3 


ls( 2 S)2p 2 ( 3 P) 2 D 5/2 


7.8193109 


7.8219 




3 


ls( 2 S)2p 2 ( 3 P) 2 S 1/2 


7.8548944 


7.8572 





a NIST database (Ralchcnk o et al. l l2008l l . Level energies are 
determined by interpolation or extrapolation of known experi- 
mental values. 

b HFR calculations (this work). 

C l/Z expansion calculations llVainshtein fc Safronovalll985h . 
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Table 2. Wavelengths for K lines in Ni ions with 2 < iV < 5 



A (A) 



N 


Lower level 


Upper level 


HFR a 


EXP 


Other Theory 


2 


Is 2 X Sn 
lb DO 


ls2p 1 P^j ) 


1.5880 


1.5886 b 


1.5856 c 










1.5879 c 


1.5879 f 










1.5886 d 


1. 58848 s 












1.5886 h 


2 


Is 2 iSo 


ls2p 3 P? 


1.5963 


1.5966 b 


1.5941 c 










1.5962 c 


1.5959 f 










1.5969 d 


1. 59659 s 












1.5968 h 


3 


ls 2 2s 2 S 1/2 


ls( 2 S)2s2p( 1 P°) 2 P° /2 


1.5935 


1.5940 b 


1.5911° 








1.5931° 


1.5934 f 










1.5938 d 


1.5940 h 


3 


ls 2 2s 2 S, In 


1sf 2 S'l2s2r>(' 3 P 0> > 2 P° 


1.5966 


1.5972 b 


1.5941° 








i.oyoz 


l.OyOD 










l.oyoy 


i.oy / z 


o 
o 


ls " 1/2 




i . oyoi 


i.oyo i 


i.oyoo 










i.oy i o 


i.oyou 












1 ^Q87h 
i.jyo i 


Q 
U 


la Zh >Jl/2 


1 af 2 c^cOi-il'Spo'i 2po 


i . oyyo 


i.oyyy 


i.oy / o 








1.5991° 


1.5992 f 










1.5998 d 


1.6003 h 


3 


ls 2 2p 2 P° 3/2 


ls( 2 S)2p 2 ( 1 D) 2 D 5/2 


1.6004 


1.6011 b 


1.5983 s 










1.6003 c 


1.6005 f 










1.6010 d 


1.6011 h 


3 


ls 2 2p 2 P° 3/2 


ls( 2 S)2p 2 ( 1 D) 2 D 3/2 


1.6027 


1.6029 c 


1.6024 f 










1.6036 d 


1.6033 h 


4 


ls 2 2s 21 S 


ls2s 2 2p 1 P° 


1.6039 


1.6046 b 


1.6015 s 










1.6037 c 


1.6047 h 










1.6044 d 




4 


ls 2 2s2p 3 P° 2 


Is2s2p 2 3 D 3 


1.6082 


1.6090 b 


1.6064 s 


i 


ls 2 2s2p 1 P°i 


Is2s2p 2 !D 2 


1.6106 


1.6110 b 


1.6087 s 


5 


ls 2 2s 2 2p 2 P° 3/2 


ls2s 2 2p 2 2 S 1/2 


1.6116 


1.6123 b 


1.6097 s 


5 


ls 2 2s 2 2p 2 P° 3/2 


ls2s 2 2p 2 2 P 3/2 


1.6130 


1.6135 b 


1.6109 s 


5 


ls 2 2s 2 2p 2 P° 1/2 


ls2s 2 2p 22 D 3/2 


1.6137 


1.6144 b 


1.6117° 


5 


ls 2 2s 2 2p 2 P° 1/2 


ls2s 2 2p 22 P 1/2 


1.6138 


1.6144 b 


1.6118° 


5 


ls 2 2 S 2 2p 2 P°3 /2 


ls2s 2 2p 22 D 5/2 


1.6159 


1.6167 b 


1.6141° 



a HFR calculations (this work). 

b JET tokamak measurements by Bombarda ct al. I GUI) .The absolute accuracy is ap- 
proximately ±0.001 A. 

°TFT R tokamak measurements bv | Hsuan et al. I lll987t) . Normalized to the theoretical 
value of IVainshtein &: Safronoval I11978T ) for the Is 2 ^-So — ls2p 1 Pi He-like transition. 

d TFTR, tokamak measurements bv lHsuan et al. | lll987Tl . Normalized to the HFS value 
llHsuan et al.lll987h for the Is 2 1 So - ls2p x Pi He-like transition. 

6 SUPERSTRUCTURE calculations by iBombarda et aL | l ll98Sft . 

i l/Z expansion calculations by [Vainshtcin & Safron oval lll978h . 
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S l/Z expansion calculations by Vainshtcin & Safronova (1985). 
h HFS calculations bv lHsuan et al.l Jl98Tt) . 
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Table 3. KLM Auger channel relative intensities in Ni + 



Ratio a EXP b HFR C HFR/EXP 



KL 1 M 1 /KLM 0.076 0.086 1.13 

KL^Mw/KLM 0.152 0.135 0.89 

KL 23 Mi/KLM 0.136 0.123 0.90 

KL 23 M 23 /KLM 0.534 0.653 1.22 



a The ratios are relative to the total KLM 
Auger rate. K = Is; L\ = 2s; L 23 = 2p; Mi = 3s; 
M 23 = 3p. 



'Solid-state measurements by lEgri et al. 



(|2008|). The errors are about 20%. 
b HFR calculations (this work). 
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Table 4. Natural K -level widths (eV) in singly-ionized cosmically abundant elements 



Element 


REC a 


HFR 





0.133 


0.129 b 


Ne 


0.24 


0.247 c 


Mg 


0.334 


0.323 c 


Si 


0.425 


0.407 c 


S 


0.552 


0.532 c 


Ar 


0.66 


0.643 c 


Ca 


0.77 


0.756 c 


Fe 


1.19 


1.14 d 


Ni 


1.39 


1.33 c 



^Recommended value by 



Campbell fe Pappl (1200 lh . 



5 HFR, 



Garcia et al. 



(120051 ) . 
C HFR, 



Palmeri et al. 



(120081 ) . 

d HFR , 
(l2003ri ). 



Palmeri et al. 



C HFR, this work. 
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Table 5. Ni valence and K- vacancy levels with 2 < N < 3 



N 


i 


25 + 1 


L 


2J 


Conf 


E (kcV) 


Mi) (s- 1 ) 


Mi) (s- 1 ) 


u>k (i) 


2 


1 


1 








1 2 lo 


o.uuuu 








2 


2 


3 





2 


ls2s 3 Si 


7.7331 








2 


3 


3 


1 





1 , n„ 3 TDO 

Iszp 1q 


7.7623 


q 1 fit 1 i no 






2 


4 


1 








1 „i)n 1 Q 

lszs bo 


7.7659 








2 


5 


3 


1 


2 


ls2p 3 P° 


7.7668 


6.82E+13 






2 


6 


3 


1 


4 


ls2p 3 P§ 


7.7876 


2.08E+09 






2 


7 


1 


1 


2 




7.8073 


6.49E+14 






3 


1 


2 





1 


ls 2 2s 2 S 1/2 


0.0000 








3 


2 


2 


1 


1 


ls 2 2p 2 P° /2 


0.0528 


2.00E+09 






3 


3 


2 


1 


3 


ls 2 2p 2 P° /2 


0.0749 


5.71E+09 






3 


4 


2 





1 


ls2s 2 2 S 1/2 


7.6944 


2.63E+13 


1.33E+14 


0.165 


3 


5 


4 


1 


1 


ls( 2 S)2s2p( 3 P°) 4 P° /2 


7.7063 


7.72E+12 


2.25E+11 


0.972 


3 


6 


4 


1 


3 


ls( 2 S)2s2p( 3 P°) 4 P° /2 


7.7127 


2.79E+13 


1.04E+12 


0.964 


3 


7 


4 


1 


5 


ls( 2 S)2s2p( 3 P°) 4 P° /2 


7.7291 


3.91E+05 




1.000 


3 


8 


2 


1 


1 


ls( 2 S)2s2p( 3 P°) 2 P° /2 


7.7508 


3.73E+14 


3.97E+13 


0.904 


3 


9 


2 


1 


3 


ls( 2 S)2s2p( 3 P°) 2 P° /2 


7.7657 


6.61E+14 


6.00E+09 


1.000 


3 


10 


4 


1 


1 


ls( 2 S)2p 2 ( 3 P) 4 P 1/2 


7.7711 


4.06E+13 


3.56E+11 


0.991 


3 


11 


2 


1 


1 


ls( 2 S)2s2p( 3 P°) 2 P° /2 


7.7807 


3.11E+14 


6.55E+13 


0.826 


3 


12 


4 


1 


3 


ls( 2 S)2p 2 ( 3 P) 4 P 3/2 


7.7830 


1.47E+13 


1.88E+12 


0.887 


3 


13 


2 


1 


3 


ls( 2 S)2s2p( 3 P°) 2 P° /2 


7.7841 


3.16E+12 


1.04E+14 


0.030 


3 


14 


4 


1 


5 


ls( 2 S)2p 2 ( 3 P) 4 P 5/2 


7.7923 


6.26E+13 


3.05E+13 


0.672 


3 


15 


2 


2 


3 


ls( 2 S)2p 2 ( 1 D) 2 D 3/2 


7.8108 


5.05E+14 


1.25E+14 


0.802 


3 


16 


2 


1 


1 


ls( 2 S)2p 2 ( 3 P) 2 P 1/2 


7.8119 


9.53E+14 


1.03E+14 


0.999 


3 


17 


2 


2 


5 


ls( 2 S)2p 2 ( 1 D) 2 D 5/2 


7.8219 


2.77E+14 


1.34E+14 


0.674 


3 


18 


2 


1 


3 


ls( 2 S)2p 2 ( 3 P) 2 P 3/2 


7.8370 


8.60E+14 


3.72E+13 


0.959 


3 


19 


2 





1 


ls( 2 S)2p 2 ( 1 S) 2 S 1/2 


7.8572 


3.64E+14 


2.90E+13 


0.926 



Note. — The complete version of this table is in the electronic edition of the Journal. The printed edition 
contains only a sample. 
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Table 6. K-vacancy transitions in Ni ions with 2 < N < 3 



N k i A (A) A r (k, i) (s- 1 ) gf(i,k) CF 



2 


7 


1 


1 


.5880 


6.49E+14 


7.36E-01 


-1.00 


2 


5 


1 


1 


.5963 


6.82E+13 


7.82E-02 


-1.00 


3 


19 


2 


1 


.5886 


8.27E+12 


6.25E-03 


0.03 


3 


18 


2 


1 


.5927 


1.15E+13 


1.75E-02 


0.03 


3 


13 


1 


1 


.5928 


3.13E+12 


4.76E-03 


0.01 


3 


19 


3 


1 


.5932 


3.55E+14 


2.70E-01 


0.92 


3 


11 


1 


1 


.5935 


3.11E+14 


2.37E-01 


-0.46 


3 


9 


1 


1 


.5966 


6.61E+14 


1.01E+00 


-0.95 


3 


18 


3 


1 


.5973 


8.49E+14 


1.30E+00 


0.97 


3 


16 


2 


1 


.5979 


7.44E+14 


5.69E-01 


0.97 


3 


15 


2 


1 


.5981 


4.46E+14 


6.84E-01 


0.95 


3 


8 


1 


1 


.5996 


3.73E+14 


2.86E-01 


-0.94 


3 


17 


3 


1 


.6004 


2.77E+14 


6.38E-01 


0.95 


3 


16 


3 


1 


.6025 


2.09E+14 


1.61E-01 


-0.47 


3 


15 


3 


1 


.6027 


5.88E+13 


9.06E-02 


0.13 


3 


12 


2 


1 


.6039 


1.94E+11 


2.99E-04 


-0.02 


3 


10 


2 


1 


.6064 


4.04E+13 


3.13E-02 


0.94 


3 


14 


3 


1 


.6066 


6.26E+13 


1.45E-01 


-0.95 


3 


6 


1 


1 


.6075 


2.79E+13 


4.33E-02 


-0.96 


3 


12 


3 


1 


.6085 


1.46E+13 


2.26E-02 


0.97 


3 


5 


1 


1 


.6089 


7.72E+12 


6.00E-03 


-0.96 


3 


10 


3 


1 


.6110 


2.08E+11 


1.61E-04 


0.01 


3 


4 


2 


1 


.6225 


1.38E+13 


1.09E-02 


0.76 


3 


4 


3 


1 


.6272 


1.24E+13 


9.86E-03 


0.42 



Note. — The complete version of this table is in the electronic 
edition of the Journal. The printed edition contains only a sam- 
ple. 



